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Xinzheng Zhang, Ju Sheng, S. Kyle Austin, Tabitha E. Hoornweg, Jolanda M. Smit, Richard J. Kuhn, Michael S. Diamond, and Michael G . Rossmann This open access publication is available at Digital Commons@Becker: https://digitalcommons.wustl.edu/open_access_pubs/3575 E nveloped viruses enter cells by fusing their lipid membrane with specific membranes of the host cell. In the endosome, this process is often triggered by the acidic environment, which promotes virion glycoproteins to form oligomeric (usually trimeric) structures in which each monomer within the oligomer has a hydrophobic peptide at its extremity. Trimeric fusogenic structures have been identified in numerous viruses that have been classified into at least three types based on the nature of the fusion peptide (1, 2) . In many cases, the structure of the mature virus and the postfusion structure are known. Based on these results, different fusion mechanisms have been proposed (3) (4) (5) (6) (7) (8) . Although the prefusion fusogenic structures of some viruses can be created by low-pH or particular lipid environments, it has been difficult to define the prefusion fusogenic state of flaviviruses because of their instability and propensity to fuse with neighboring virions.
Dengue virus (DENV) is a member of the Flaviviridae family of positive-stranded RNA viruses, which include arthropod-borne human pathogens such as West Nile, Japanese encephalitis, and yellow fever viruses. Each year, approximately 390 million people become infected by DENV, resulting in about 20,000 deaths (9) . DENV infections cause a spectrum of clinical diseases ranging from acute dengue fever to severe, potentially fatal, dengue hemorrhagic fever and shock syndrome (10) . Currently, there are no approved antiviral drugs or licensed vaccines available to reduce the disease burden of DENV infections (11) .
DENV has an 11-kb genome that encodes an envelope glycoprotein (E), a precursor membrane protein (prM), a capsid protein, and seven nonstructural proteins (12) . The E protein has three ectodomains (DI, DII, and DIII), a stem region, and a transmembrane region. DI and DIII have ␤-barrel structures, whereas DII has a long, finger-like domain that contains a highly conserved fusion peptide at its distal end (13, 14) . The hinge angle between DI and DII varies, depending on whether the virus is immature, mature, or in a postfusion state (15) . The stem region lies flat on the viral membrane and connects the ectodomains and transmembrane anchor (16) . In the postfusion "closed" trimer, the stem region relocates from the viral membrane surface to the groove between adjacent DII domains (17, 18) . This conformational change has been likened to a "zipper" stabilizing the "closed" form.
Under acidic pH conditions, the ectodomain of DENV E protein forms a postfusion "closed" trimer after inserting its fusion loop into a lipid membrane (5) . In this postfusion conformation, the DII and DIII domains are rotated by about 30°and 70°, respectively, relative to DI compared with the E protein monomer in the dimer of the mature, smooth-surfaced virus at neutral pH (4, 13, 15) . The stem region of E intercalates into the intermonomer groove in the postfusion trimer (18) . An "open" fusion interme-diate structure was predicted (18) in which the hinge angle between the DII and DI domains is similar to that of the dimer in the mature virus. This would result in a greater separation of the DII domains compared to the "closed" trimer.
In this study, we utilize Fab fragments of a neutralizing antibody (DV2-104) (19) against DENV serotype 2 (DENV-2) E protein, a class II fusion protein, to trap the protein in a structure that was previously predicted to be a fusogenic trimer.
MATERIALS AND METHODS
DENV propagation and purification. DENV-2 strain 16681 was propagated in C6/36 Aedes albopictus mosquito cells at 28°C and purified by gradient ultracentrifugation as described previously (4) .
Antibody production and Fab fragmentation. DV2-104 is an anti-DENV-2 monoclonal antibody (MAb) that recognizes an epitope on the C-C= loop in DIII of the E protein (19) . Purified IgG was generated after protein A Sepharose affinity purification of hybridoma supernatants. Fab fragments were generated after papain digestion and purified by sequential protein A Sepharose and Superdex 75 16/60 size exclusion chromatography.
Plaque assay. DENV-2 in NTE buffer (120 mM NaCl, 20 mM TrisHCl, and 1 mM EDTA [pH 8.0]) was incubated with Fab fragments of DV2-E104 (100 g/ml) for 40 min at 4 and 35°C. Two control samples with DENV-2 in the absence of Fab fragments were incubated in parallel. The samples were then buffer exchanged and centrifuged five times in 100-kDa-cutoff centrifuge tubes to remove unbound Fab fragments. The samples were then added to BHK21 cells, and a standard plaque assay was performed as described previously (19) .
Cryo-electron microscopy data collection and three-dimensional reconstruction. DENV-2 and Fab fragments of DV2-E104 were incubated together in NTE buffer for 1 h at 35°C. Acidic buffer (0.1 M morpholineethanesulfonic acid [MES]-hydrogen acetate [HAc] [pH 4.5]) was then added to a final pH of 5.5. After incubating for 5 min, the samples were placed on grids and frozen. Cryo-electron microscopy (cryo-EM) images of virions were acquired using the FEI Titan Krios operated at 300 kV with a dose of ϳ24 electrons per Å 2 on each image. The spiky particles were boxed using the program e2boxer.py. The contrast transfer function on the images was corrected by flipping the phase. A reference free classification and class averages were calculated using the program refine2d.py. Ten initial models were created by the program e2initialmodel.py, assuming icosahedral symmetry (20) . The three models with the best scores were used as a starting model and then refined with the whole data set using the program refine. After ϳ16 cycles, the three reconstructions converged to the same structure as shown by visual comparison (Fig. 1A ). In addition, a different structure, the immature dengue virus structure low pass filtered to 60-Å resolution, was used as a starting model. The correlation coefficient between this immature structure and the final structure of the low-pH Fab-DENV complex was 0.5 at a resolution of about 180 Å. This reconstruction also converged to the same structure after 30 cycles of refinement as judged by a Fourier shell coefficient of 0.5 at a resolution of about 30 Å (Fig. 1A) . The original data, consisting of 1,048 particles, was randomly divided into two parts, and each was refined independently starting with the acidic pH structure low pass filtered to 80-Å resolution. After 16 iterations, the final Fourier shell coefficient between these two independent reconstructions was 0.143 at 26-Å resolution (Fig. 1B) . Finally, the two half data sets were recombined, and a total of 528 particles were used to calculate the reconstruction shown in Fig. 2A .
Fitting of the complex structure. The program EMfit (21) was used to fit the crystallographic structures into the cryo-EM electron density map. The structure of the postfusion trimer, represented by C-␣ atoms only, was fitted into the spike density. A "difference" map was then calculated by setting to zero all density within 6 Å of every fitted C-␣ atom in DI and DII. The Fab-DIII complex structure (22) (PDB accession no. 4FFZ) was then fitted into the "difference" map.
Cells. Baby hamster kidney cells (BHK21-15) were cultured at 37°C and 5% CO 2 in 1ϫ high-glucose, L-glutamine-enriched Dulbecco modified Eagle medium (DMEM) (Gibco) with 10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (100 g/ml), 10 mM HEPES, and 100 M nonessential amino acids. C6/36 cells were cultured at 30°C and 5% CO 2 in minimal essential medium (MEM) (Gibco) with 10% FBS, 7.5% sodium bicarbonate, penicillin (100 U/ml), streptomycin (100 g/ml), 2 mM glutamine, and 100 M nonessential amino acids. For virus production, HEPES (25 mM, pH 7.3) was added to the cell culture medium to maintain a neutral pH.
Virus growth and DiD labeling. DENV-2 strain 16681 was propagated on C6/36 cells and purified by ultracentrifugation as described previously (23) . Purified DENV particles were labeled with the lipophilic fluorescent probe 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) (Invitrogen), according to a published procedure (23) .
Binding and fusion assay. BHK21-15 cells (20,000 cells/well) were seeded in chambered LabTek II slides (Nunc) 1 day before infection. Prior to the experiment, the cells were washed three times with cold serum-free, phenol red-free MEM (Gibco). Then, cold phenol red-free MEM containing 1% glucose was added, and incubation was continued for 10 min at ; the y axis shows the FSC value.
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. Subsequently, DiD-labeled DENV particles were added to the cells, and viral adsorption was allowed for 20 min at 4°C. Unbound virus particles were removed by washing, and increasing concentrations of MAb DV2-E104 dissolved in MEM containing 1% glucose were then added to the wells. Incubation was continued for 20 min at 4°C. Next, the medium was removed and replaced with fresh MEM containing 1% glucose at 4°C for the binding assay and 37°C for the fusion assay. For the binding assay, cells were directly used for microscopy. For the fusion assay, cells were further incubated for 30 min at 37°C to allow virus entry. In both assays, 20 snapshots of randomly selected fields were taken using differential interference contrast (DIC) optics and a 635-nm laser to visualize the DiD signal in a Leica Biosystems 6000B microscope. Images were analyzed with ImageJ using an in-house macro, as described previously (23) . Anti-keyhole limpet hemocyanin (anti-KLH) antibody MAb0031 (R&D Systems) was used as an isotype control at a concentration of 4 g/ml. As a negative control in the fusion assay, 50 mM NH 4 Cl was added to all steps of the assay to prevent endosomal membrane fusion (23) . The binding and fusion assay data were normalized to 100% on the basis of the value for the no-antibody control. Moreover, in the analysis of the fusion assay, the background fluorescence level found for the NH 4 Cl control was set at 0% of fusion.
Low-pH native DENV virus. A drop of concentrated (ϳ1 mg/ml, ϳ10 11 PFU per ml), purified DENV particles at pH 8.0 were placed on an ϳ3-nm-thick carbon film on a transmission electron microscopy grid. A filter paper was used to blot excess buffer after keeping the drop on the grid for 1 min. A drop of an acidic buffer maintained at a different pH was immediately added to the grid after blotting. The samples were incubated for 5 min, and then a second filter paper was used to blot the excess buffer. The EM grid was then frozen immediately by plunging into liquid ethane. The frozen virions were examined using an FEI Titan Krios transmission electron microscope. Cryo-EM images were taken with a total dose of ϳ40 electrons per Å 2 on each image with a defocus of ϳ5 m. The individual spike densities were boxed and classified by EMAN program (24) refine2d.py.
Protein structure accession numbers. The electron density map of the DENV-Fab DV2-E104 complex structure has been deposited in the Electron Microscopy Data Bank (EMDB accession no. EMD-6146), and the corresponding fitted atomic coordinates have been deposited in the Protein Data Bank (PDB accession no. 3J8D).
RESULTS AND DISCUSSION
The structure of DENV complexed with Fab E104 at pH 5.5. Using yeast surface display and site-directed mutagenesis, the epitope of the neutralizing DV2-E104 antibody was localized to the C-C= loop on DIII of the E protein (19) . However, this epitope is not exposed on the surface of the smooth DENV structure. Consistent with this observation, cryo-EM studies showed that Fab fragments of DV2-E104 did not bind to DENV-2 at 4°C, although they could bind when incubated with the virus at 35°C and pH 7.8 for 1 h, conditions that are known to result in significant conformational changes of the mature virus (25, 26) . The size of this complex was larger than the size of the high-temperature "bumpy" virus alone, confirming the presence of bound Fab. An attempt to perform a three-dimensional reconstruction from cryo-EM data was unsuccessful, possibly because of the lack of homogeneity of the Fab-virus complex. However, a 26-Å resolution, cryo-EM reconstruction of the complex of DENV-2 and DV2-E104 Fab fragments at 35°C was accomplished when the pH was lowered to 5.5. These temperature-dependent results were confirmed by plaque assays. Preincubation of Fab fragments of DV2-E104 with DENV at 35°C reduced the number of plaques by about 90%, whereas preincubation at 4°C reduced infection by only about 5%.
The structure of the low-pH virus-Fab fragment complex ( Fig.  2A) consisted of 60 icosahedrally related spike densities representing trimeric E protein complexes on the surface of a spherical, 410-Å-diameter shell that represented the viral lipid membrane. The corresponding lipid bilayer in the immature and mature viruses had an outer diameter of 400 Å (27) and 410 Å (8, 16), respectively. The spike has an approximately triangular cross-section and extends about 110 Å beyond the lipid envelope, making the external diameter of the Fab-virus complex about 630 Å. This is larger than the 600-Å surface of the immature virus and the 500-Å surface of the mature virus. The spike is 40 Å wide on average and connects to the spherical lipid bilayer density by an approximately 25-Å-long neck density. (5) were fitted into the spike densities of the cryo-EM complex. The correlation coefficients between the parts of the structure and the corresponding cryo-EM spike density are shown for different radial distances along the 3-fold axis of the spike.
In addition to the spike densities, there is additional density near the icosahedral 5-fold and 2-fold axes ( Fig. 2A) . Given the placement of the E protein trimer, the additional densities represent the Fab molecules and have dimensions consistent with Fab fragments connected to the base of the spike. These Fab densities cover most of the area where the viral lipid bilayer is not covered by spikes, probably preventing aggregation of virus particles.
The E protein trimer in the low-pH DV2-E104 -DENV complex has a conformation that appears similar to that of the predicted "open" state. Although the DENV-2-Fab complex formed at pH 5. 5 has not yet encountered host cell lipid membranes, the trimeric spikes of this complex are reminiscent of the postfusion trimers that occur when the virus encounters a lipid membrane at low pH. Hence, an attempt was made to fit the atomic structure of the postfusion E trimer (5) into the spike density (Fig. 2B) . Visual inspection showed that the triangle-shaped part of the postfusion trimer structure, formed by domains DI and DIII, fits well into the bottom part of the spike density. The thin waist in the middle of the spike density corresponds to the narrow part of the postfusion trimer structure between domains DI and DII. However, the top part of the postfusion trimer structure is longer and thinner than the spike density. The mean correlation coefficient between the bottom part of the observed spike density and the fitted postfusion structure was 0.91. In contrast, the correlation coefficient of the top part of the spike was only 0.71. The poorer fitting of the closed trimer into the top part of the density might be because the usually flexible hinge angle (15) between DI and DII has changed. Accordingly, five different E trimer structures with different hinge angles between DI and DII (15) were used to fit into the spike density (Table 1 ). The best correlation coefficient was obtained when the angle between DI and DII was flexible, suggesting that all five structures might be present on the virus surface. Thus, most of the spike structures in the low-pH DENV-Fab complex have a conformation with a large hinge angle as predicted for a fusion intermediate (18) in an "open" state. Structure of DENV when complexed with Fab fragments of DV2-E104 at pH 5.5. Fab fragments are bound to only two of the three DIII domains in each spike of the Fab DV2-E104-virus complex at pH 5.5 ( Fig. 2A) . This occurs because there is insufficient space near the icosahedral 3-fold axes for a third Fab to bind to the remaining E protein. As the atomic structure of the DV2-E104 Fab fragment was not known, the crystal structure of DENV DIII complexed with E111 Fab fragment (22) , derived from another mouse antibody that binds to an analogous epitope on DIII of DENV-1, was used to interpret the cryo-EM density of the complex. However, upon superimposing DIII of the crystal structure onto DIII of the postfusion E trimer, the Fab clashed with the viral membrane and did not correspond in any possible way to the Fab density in the reconstruction (Fig. 3) . Thus, the E111 Fab-DIII crystal structure was fitted by superimposing the Fab structure onto the Fab density in the reconstruction of the low-pH complex. In this fit, DIII of the crystal structure was located in a similar position but in an orientation that differed by about 130°to that of DIII in the postfusion trimer (Fig. 3) . In this orientation of DIII, the carboxy end points down toward the viral membrane to which it is connected via the helical stem region of E (Fig. 3) . The quality of the fit of the E111 Fab-DIII complex into the DENV-2-E104 cryo-EM density was verified with the EMfit program ( Table 2 ). Given that the stem regions of the flavivirus E proteins dissociate from the viral membrane at acidic pH (28), the 25-Å-long neck density (Fig. 2B) between the spike densities and the viral lipid bilayer is formed by the stem regions of the three E proteins. However, if the E proteins were positioned in the known postfusion structure, then DIII would be oriented with its carboxy end pointing up, away from the viral membrane. Given that DIII is not in this orientation, we conclude that the movement of DIII is increasing concentrations of antibody (Ab) to BHK21-15 cells that had been exposed to DENV particles at 4°C. The number of bound particles was normalized with respect to the value for control that lacked antibody. (B) Membrane fusion activity of DENV particles was determined in the presence of increasing concentrations of antibody. The level of membrane fusion was normalized to the control that lacked antibody (100%) and to the control that had added NH 4 Cl (0%). At least three independent experiments were carried out for each measurement, except for the IgG control, for which two independent experiments were performed. The values that were significantly different from the value for the no-antibody control are indicated by bars and asterisks as follows: ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.0001.
blocked by DV2-E104 during the prefusion-to-postfusion transition. This rearrangement of DIII prevents the stem region from "zipping up" the neighboring DII domains into a postfusion structure, effectively inhibiting fusion between the viral and cellular membranes. This neutralizing mechanism was confirmed by binding and fusion assays (23) . The addition of excess MAb DV2-E104 to DiDlabeled virus particles (23) did not interfere with virus-cell binding (Fig. 4A) . Nevertheless, in the presence of MAb DV2-E104, a significant reduction in DENV membrane fusion activity was observed (Fig. 4B) . Together with the structural studies, this shows that MAb DV2-E104 interferes with membrane fusion activity.
Capturing the low-pH E trimer structure in the absence of DV2-E104 Fab fragments. To determine the impact of acidic pH on DENV in the absence of Fab molecules, first the virus was fixed onto a carbon film to avoid particle aggregation. Electron microscopy grids were prepared by absorbing DENV particles at pH 8.0. The grids were then incubated at pH 7.0, 6.5, 6.0, or 5.5 for 5 min before freezing. At pH 7.0, most of the DENV particles had a smooth surface. When the pH was shifted to 6.0 or lower, most of the DENV particles acquired spikes (Fig. 5A) .
Side views of individual spikes were boxed in a set of highly defocused (5-m) images taken with a dose rate of about 40 electrons per Å 2 . The boxed spikes were classified by a nonreference classification method (see Materials and Methods). Most of the spike side views belonged to one of two classes (Fig. 5B to E) . The first class, containing 87 spikes, consisted of a globular head and longer stalk. The second class of 107 spikes consisted of two consecutive radially separated globes. The profiles belonging to the first class probably correspond to the known postfusion trimer with the elongated DII domain inserted into the viral membrane, whereas the profiles belonging to the second class likely are prefusion trimeric assemblies. Support for this profile being a prefusion trimer is that DENV retains the ability to fuse with liposomes for 10 min after exposure to pH 5.5 (29) . Thus, at least some of the spikes on DENV particles at low pH must be in a prefusion state. This profile resembles the shape of the spike density in the low-pH DENV-Fab complex, which was interpreted above as being in an "open" state. These results show that the spikes in the DENV-Fab complex are constrained by the DV2-E104 Fab fragments to remain in an "open" prefusion structure.
The limited resolution of these results may be due of the lack of homogeneity when the pH is lowered and the temperature is increased (26) . However, the spike formed by the E glycoproteins is clear and corresponds to a transient fusogenic trimer structure that has not been captured previously. Furthermore, our results show that during the transition from the prefusion state to the postfusion state, the E proteins became trapped in an intermediate trimeric state (Fig. 6) . When Fab fragments of DV2-E104 were bound to DIII, this domain was unable to move to its postfusion position that normally would allow the stem region to zip together the DIIs of neighboring E proteins into a postfusion trimer. In the trimeric intermediate state (Fig. 6Aii) , trapped by DV2-E104, the DIIs were observed in an open-like conformation with the fusion loop peptides exposed at the distal end and poised to insert into a lipid membrane. Thus, the major difference between the observed intermediate state and a prefusion fusogenic state would be the rotation of DIII by about 130°.
The large conformational changes that occur when the assembled particles mature to become infectious (30, 31) and subsequently when a few components of the virus actually fuse with the host cell are made possible by the fluidity of the viral membrane. Because these movements are large, it has been challenging to determine the paths taken by the different proteins during their gyrations around each other. Our studies confirm prior predictions (18) and define an intermediate structure that occurs after the dimers of the mature virus have dissolved and shortly before the newly formed trimeric E spikes insert into the endosomal membranes. The anticipated change from an open-like trimeric state before fusion to a "closed" trimeric state after fusion represents a bridge in the steps that relate to membrane fusion. Although the present results are concerned with the fusion of a virus to a cell, the same mechanism may be valid for the fusion of cells (32) .
